Abstract-Silicon based piezoresistive force sensors were designed and manufactured by bulk micromachining techniques. The device geometry was modelled by coupled finite element simulation (FEM) to determine its expected performance. Flexible electronics was designed to integrate the force sensors and the AD converters in the laparoscope grasper head. The electronics accomplishes the analogue-digital conversion and I2C data transfer. I2C -CAN BUS converter was also designed to communicate with the robot control system as well as for noise filtering, data collection and transfer.
I. INTRODUCTION
Minimally invasive robotic surgery (MIS) offers several advantages for the patients, although the lack of sensory feedback for the surgeon is one of the main barriers in its progress and widespread application [1] . Gathering immediate multi-parametric information about the physical and anatomic conditions of tissues is crucial for the operator to precisely control the robotic actions. "Smart" laparoscopes with integrated MEMS sensors can provide such feedback and improve the safety of these interventions.
Our goal was to develop a novel laparoscope for surgery robots with integrated 3D force sensors inside the grasper and also on the tip of the device to measure the gripping strength and to provide tactile information about the different organs and tissues touched.
II. EXPERIMENTAL

A. 3D force sensor chips for force feedback and tactile sensing applications
The processing technology of the piezo-resistive sensors was described in [2] in detail. Accordingly, the piezoresistors were formed in the device layer of a SOI wafer by ion implantation. Deformable membranes were released by backside DRIE (deep reactive ion etching) process to minimize the lateral size of the chips. The SOI wafers provide uniform membrane thickness over the whole wafer. Anodic wafer bonding was applied to fix the active Si to borosilicate glass for parallel formation of rigid substrate and ohmic contact between the piezo-resistors embedded in the Si element and the wire bonding pads on boron glass. The fabricated force detector chips are presented in Fig. 1 . 
B. Electro-mechanic environment for 3D force sensor
Two 3D MEMS force sensors were integrated on a flex-PCB with dedicated preamplifiers and ADCs forming the preprocessing electronic circuitry in the laparoscopic head. One sensor chip is mounted on the tip of the lower jaw of the tweezers and the other one is inside the same element. The MEMS force and tactile sensors were covered with flexible polymer caps to ensure adequate mechanical stability and provide reliable force/load transfer to the silicon membrane. Fig. 2 represents the packaged sensor array on the flexible PCB.
Beside the force signals the AD converters also manage the signals of the temperature sensor integrated in the force sensor chip. Moreover, the reference voltage level is also converted. These digitalized data are accessible through the I2C protocol bus. The final readout and controller communication between the force sensors and the medical instrument is performed via CAN-bus protocol. An additional motherboard PCB with a microcontroller makes the I2C to CAN BUS conversion and initializes the measurements, performs signal conditioning, data collection and filtering, calibration and on demand or streaming transmission of 3D force values.
The laparoscope prototypes were fabricated by direct metal LASER sintering (DMLS) from EOS Stainless Steel GP1 medical grade stainless steel. For demonstration and to check the quality of the cast coverage (Fig. 3) , transparent silicone was used, whereas in the final prototypes black, medical grade colorant masterbatch was mixed in silicone to eliminate the light induced noise and provide the stability and accuracy of the sensor.
III. RESULTS
A. Functional tests
The integrated sensors were calibrated and their offset shifts were measured in the temperature range of 10-40oC. Reversible offset shift of -40µV/K was found, whereas no effect of humidity could be detected. Fig. 4 demonstrates a typical calibration curve for the tweezers' sensor for perpendicular load. 
B. System level integration
The stainless steel tweezers were integrated into the mechatronic system of the proposed smart laparoscope tool. The full functional laparoscopes are capable to motor-drive the tweezers and transfer the electronic signals from the signal processing electronics to the I2C-CAN communication board. The laparoscope was fixed on the arm of the ROBIN HEART surgery robot and connected to the manipulator via CAN BUS protocol based communication line. Thereby both the sensing and controlling capability were analyzed using the force feedback. In a simple preliminary test the signals of the sensors were utilized to control the movement of the arm and the jaw of the gripper. When the laparoscope touches a surface and the emerging force in the tip tactile sensor reaches a pre-set value, an actuation routine stops the forward movement regardless the actions of the operator with the manipulator head (Fig. 5) .
C. Biomechanical measurements by robot integrated laparoscope
For tissue hardness measurements a chicken wing was perpendicularly touched with the gripper. The signals of the tip head tactile sensor were collected and analyzed versus a constant straightforward movement of the laparoscope (Fig. 6) . The measured force values clearly indicate the contact point and the mechanical characteristics of the tissue.
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IV. CONCLUSION
A laparoscope grasper with integrated force and tactile sensors and signal processing circuit was developed. Beside the MEMS elements the near-chip signal pre-processing and digital communication electronics, the substantial electrical and mechanical packaging technique was elaborated. The functionality of the system was validated and the smart laparoscope was integrated with the surgery robot control systems. Two-directional haptic control and force feedback in the ROBIN HEART surgery robot was successfully demonstrated.
